The technique of mapping the local axial component of the shear strain due to quasi-static axial compression is defined as axial shear strain elastography. In this paper, the spatial resolution of axial shear strain elastography is investigated through simulations, using an elastically stiff cylindrical lesion embedded in a homogeneously softer background. Resolution was defined as the smallest size of the inclusion for which the strain value at the inclusion/background interface was greater than the average of the axial shear strain values at the interface and inside the inclusion. The resolution was measured from the axial shear strain profile oriented at 45
Introduction
Quantifying the performance of an imaging system is necessary to better understand and interpret the resulting images. Some of the parameters typically used for this purpose are resolution, signal-to-noise ratio (SNR), contrast-to-noise ratio (CNR), dynamic range and sensitivity. These are ultimately governed by the physics of the system and tissue properties (Christensen 1988 , Ophir et al 1999 . In this paper, we focus our attention on spatial resolution. Resolution has been defined and measured in a number of ways and is fairly well established in the field of optics (Fowles 1975, Pedrotti and Pedrotti 1992) . The resolution of an optical system is considered to be indicative of the system's ability to resolve two closely spaced targets. In sonography, separate theoretical expressions for the resolution in the direction of beam propagation (axial) and in a direction perpendicular to beam propagation (lateral) have been established (Christensen 1988) . The sonographic axial resolution is fundamentally limited by the system parameters such as wavelength and fractional bandwidth, while the sonographic lateral resolution is fundamentally limited by beamwidth (determined by the f -number and wavelength).
Elastography is a technique that produces images of the strains experienced by tissue elements subjected to a quasi-static compression (Ophir et al 1991) . Ultrasound elastography typically produces high-quality (in terms of SNR) axial strain elastograms due to the high sampling possible in that direction and the ability to use the ultrasound transducer as a tissue compression device. Other types of elastograms such as lateral strain elastograms, Poisson's ratio elastograms and shear strain elastograms have also been generated (Konofagou and Ophir 1998) . The axial and lateral strains are typically estimated as the gradients of the axial and lateral displacements along the axial and lateral directions, respectively. Instead, the gradient of the axial displacements taken in the lateral direction and the gradient of lateral displacements taken in the axial direction would result in the axial shear strains and lateral shear strains, respectively.
The image quality of the axial strain elastograms is well established in the literature. There have been extensive theoretical, simulation and experimental studies done to characterize the SNR e , CNR e and dynamic range of axial elastograms (Varghese and Ophir 1997 , Bilgen and Insana 1997 , Ophir et al 1999 . Righetti et al (2002 Righetti et al ( , 2003 studied the axial and lateral resolutions of the axial elastograms through simulations. Recently, Srinivasan et al (2004) have derived a theoretical upper bound on the axial and lateral resolutions and demonstrated a trade-off between resolution and SNR in terms of signal processing parameters. These studies have shown that the elastographic resolution is ultimately limited in the axial direction by the bandwidth and in the lateral direction by the beamwidth as in sonography. However, it has also been shown that an inappropriate choice of signal processing parameters might compromise the attainable resolution.
Shear strain elastography is a relatively new elastographic imaging technique. Shear strain elastograms may provide information on the bonding between a tumour and the surrounding tissue. This information may be useful in classifying tumours when used in conjunction with other images such as axial strain elastograms and sonograms (Konofagou et al 2000 , Thitaikumar et al 2005 . The shear strain pattern and magnitude are expected to be influenced by the degree of bonding at the interface between internal regions in the target volume and thus may provide additional information. Shear strain in general is defined as the sum of axial shear strain and the lateral shear strain as given below (Timoshenko and Goodier 1970) :
where (u, v) are the lateral and axial displacement components along the x (lateral direction) and y (axial direction) axes, respectively. The image quality parameters of shear strain elastography are not yet completely established. Recently, Thitaikumar et al (2005) have derived an expression for the upper bound on the SNR of the shear strain elastograms. It was shown that the lateral shear strain has a significantly poorer SNR than the axial shear strain, and therefore caution must be taken before summing the two components to obtain the total shear strain. Preliminary studies (not reported here) have found that for a given amount of decorrelation, the noise in the lateral shear strain estimates was approximately six times worse than that of the noise in the axial shear strain estimates. As will be explained in the methods section, the axial shear strain elastograms used for the resolution measurements were an average over ten individual elastograms. Therefore, we would have to average about 360 elastograms to obtain lateral shear elastograms at the same noise level as that of axial shear strain elastograms used in this study. In addition, the peak lateral shear strain is smaller than peak axial shear strain (about 50%) and thus will lower the SNR even more. Because of these SNR limitations, we restricted our investigation only to axial shear elastography in this paper. However, the authors are aware that ignoring the lateral shear strain component due to its poor SNR prevents the estimation of the total shear strain, which may result is a loss of information.
In this study, we investigated the resolution of the axial shear strain elastography, using a controlled simulation study. Resolution in general is considered to be indicative of a system's ability to resolve two closely spaced targets. A number of models have been employed to study the resolution of elastography (Alam et al 2000 , Cook et al 2000 , Righetti et al 2002 . Among these studies, Righetti et al (2002 Righetti et al ( , 2003 used a model comprising two equally stiff inclusions in a softer, elastically homogenous background, the spacing between which was changed to study the spatial resolution of axial strain elastography. The spacing was changed along the direction of beam propagation to study the axial resolution, while it was changed in the direction perpendicular to beam propagation to study the lateral resolution. Resolution was defined as the full width at half maximum of the strain profile. The work of Srinivasan et al (2003) used a single inclusion model. The resolution was studied by changing the size of the inclusion. Resolution was defined as the minimum size of the inclusion for which the axial strain value of at least one pixel, inside the inclusion, was smaller than the average axial strain values corresponding to the background and the inclusion. It must be noted that in the case of axial strain elastograms, there was a strain contrast between the target (inclusion) and the background along the axial direction or lateral direction. Thus, spatial resolution along the axial and lateral directions could be studied. As will be explained in detail later in the following section, in axial shear strain elastograms such a contrast along the normal directions (both axial and lateral) does not exist. Nevertheless, there is a contrast between the axial shear strain value at the inclusion/background interface and the strain inside the inclusion in a non-normal direction. Therefore, we concentrated on the spatial resolution of axial shear strain elastography along a direction that is non-normal to the direction of beam propagation with a representative special case of 45
• . Our hypothesis is that in a direction non-normal to beam propagation the spatial resolution of axial shear strain elastography will be a function of the system parameters, beamwidth, pitch and bandwidth. In addition, we hypothesize that the resolution is ultimately limited by the worse of the two, beamwidth or window length. Further, we also hypothesize that for a given set of system parameters, the achievable resolution is determined by the choice of the correlation window length but not by the axial shift.
Materials and methods
We investigated the resolution of axial shear elastography using a simulation study. As previously mentioned, in axial shear strain elastograms a contrast along the normal directions (both axial and lateral) does not exist. Therefore, the spatial resolution measurements had to be performed at a certain angle with respect to the direction of beam propagation. Figures 1  and 2(a) show the axial strain image and axial shear strain image, respectively, for a single inclusion model predicted by a finite-element model (FEM) using ANSYS R (Ansys Inc., Figure 1 . Axial strain image computed from finite-element analysis. The inclusion is three times stiffer than the background and applied axial compression was 2%. Observe that a contrast exists between the region inside the inclusion and in the background, unlike the axial shear strain image (see figure 2) , in a single inclusion model. is an average over ten independent realizations. The 'quasi-periodic' linear features in the elastograms are suspected to be artefacts due to the interpolation of the cross-correlation function like in axial elastograms (Céspedes and Ophir 1993) .
Canonsburg, PA). As can be observed from these figures, no background/inclusion axial shear strain contrast exists parallel and perpendicular to the direction of beam propagation. The simulation model consisted of a 2D plane-strain simulation problem of a single circular inclusion embedded in a softer homogeneous background. The dimensions of the background were set at 40 × 40 mm 2 while the diameter of the inclusion was varied from 0.1 mm to 3 mm in steps of 0.1 mm, for the resolution estimation. The inclusion was completely bonded to the background and was three times stiffer than the background. The materials comprising the simulated phantoms were assigned a Poisson's ratio of 0.495 (nearly incompressible) and the 'fine' mesh grid option was used. The mesh near the inclusion/background interface was further refined using the 'refine' option. The number of nodes in the model was approximately 15 000. The simulated phantoms were free to move on the sides (i.e., no lateral confinement) and had slip boundary conditions at the bottom (a node at the axis of lateral symmetry at the bottom was fixed to avoid rigid body motion). The software phantom was subjected to a 2% axial strain compression. The axial and lateral displacements of each node in the simulated phantom due to the compression were extracted from the output of the finite-element software. The FEM for the software phantom is similar to models reported in the literature (Righetti et al 2002 .
The simulations were performed assuming the speed of sound to be 1540 m s -1
. The 2D transducer point spread function (PSF) was simulated using a shift-invariant Gaussianmodulated cosine pulse in the axial direction and Gaussian beam profile in the lateral direction. To evaluate the effect of the bandwidth on the resolution of axial shear strain elastography, we simulated US systems with different centre frequencies (3 MHz, 5 MHz, 10 MHz and 30 MHz), while the fractional bandwidth was kept fixed at 50% of the centre frequency and the beamwidth of the Gaussian beam profile in the lateral direction was set to 1 mm. Thereafter, the same investigation was also repeated for a Gaussian beam profile in the lateral direction set to 1.5 mm. To evaluate the effect of the beamwidth on the resolution of axial shear strain elastography, we simulated US systems with different constant beamwidths (0.5 mm, 1 mm, 1.5 mm, 2 mm and 2.5 mm), while the transducer centre frequency was set at 5 MHz and the fractional bandwidth was kept fixed at 50% of the centre frequency. The pitch was adjusted so as to maintain a constant beam overlap of 70%. The simulations use a simplistic model, where the beamwidth of the Gaussian beam profile in the lateral direction is set as constant. Therefore, the beamwidth does not depend on the wavelength. This simplification implies that we are always at the focus. To evaluate the effect of the pitch on the resolution of axial shear strain elastography, we simulated a US transducer array of length 40 mm with different numbers of A-lines (192, 128, 96 and 64) . The beamwidth was set equal to 1 mm while the centre frequency of the transducer was simulated to be 5 MHz with a 50% fractional bandwidth. All simulations were done using MATLAB R (Mathworks, MA). A normal distribution of scatterer amplitudes was used to model the scattering function (Wagner et al 1983 , Meunier and Bertrand 1995a , 1995b , Walker and Trahey 1995 . The pre-compression RF signal was simulated by convolving the 2D PSF and the scattering function. The displacement profile calculated from the FEA software was used to define the post-compression position of the ultrasonic scatterers. The post-compression RF signal was simulated by convolving the displaced point scatterers with the original PSF (Céspedes 1993, Céspedes and Ophir 1993) . The sonographic signal-to-noise ratio (SNR s ) was set at 40 dB by adding an appropriate amount of uncorrelated random noise. The RF sampling frequency was set to ten times the centre frequency for each of the centre frequencies considered.
The simulated pre-compression and temporally stretched post-compression RF signals were segmented and used in an adaptive strain estimation algorithm with lateral correction to estimate the axial displacement (Srinivasan et al 2002) . The local axial shear strains were estimated as the derivative of the axial displacements in the lateral direction (Thitaikumar et al 2005) . A cross-correlation window length of 1 mm and a shift of 20% of the window length were used unless otherwise stated. To evaluate the effect of window length on the resolution of axial shear strain elastography, we processed the RF signals using different window lengths (1.6λ, 3λ, 5λ, 7λ, 8λ and 10λ), while keeping the axial shift fixed at 20% of the window length. To evaluate the effect of axial shift, we processed the RF signals using different shifts, as a percentage of window length (20%, 40%, 60%, 80% and 90%).
The elastographic resolution was estimated as the minimum size of the inclusion for which the peak axial shear strain value, in the strain profile taken along the 45
• orientation, is greater than the threshold. The threshold is computed as the average between the axial shear strain values in the target (inclusion/background interface) and the background (inclusion). This methodology of computing the threshold as the average between axial shear strain values in (a) (b) Figure 3 . Axial shear strain profile from (a) the finite-element predicted image and (b) the simulated elastogram taken along the black lines in figure 2 . The horizontal line indicates the threshold, which is determined as the half-maximum value from the finite-element predicted profile (a). The actual resolution is computed as the smallest inclusion size for which the peak value from the elastogram profile is greater than the threshold. Note that there is a modest loss in the peak contrast in the estimated axial shear strain profile. This is probably due to the use of a small value of cross-correlation window length (W = 5λ) to process the elastogram of figure 2(b).
the target and the background is similar to that of Alam et al (2000) . Since the axial shear strain inside the inclusion is zero, the threshold turns out to be the half-maximum value of the axial shear strain profile. An example of the procedure to estimate the resolution is described in figures 2 and 3. Figure 3 shows the axial shear strain profiles from the images in figure 2 at 45
• . Figure 3(a) shows the strain profile taken from the finite-element computed image ( figure 2(a) ), while figure 3(b) shows the strain profile from the simulated elastogram ( figure 2(b) ). As can be observed from figure 3(a), in general the axial shear strain profile does not increase smoothly from the background value to the peak value. This is due to the fact that the profile is chosen along a direction that is non-normal to the axis of compression. The profile in this direction is determined by the diagonal dimension of a pixel and not by its axial or lateral pixel dimension alone, which gives rise to 'staircase' like noise. We do not expect this noise to affect our study because resolution is studied using a threshold whose computation involves only the peak value and the values inside the inclusion. In general, the axial shear strain profile at a 45
• angle consists of two peaks, one from either end of the lesion boundary. According to the criterion used in this paper for the evaluation of the resolution, we consider the lesion to be resolvable if either of the peaks is greater than the half-maximum value, where the half-maximum value is computed from the axial shear strain profile of the finite-element predicted image ( figure 2(a) ). This was done to avoid spurious computation of the threshold (half-maximum value), and hence the resolution.
The entire procedure for a given set of ultrasonic parameters (centre frequency, bandwidth, beamwidth, pitch) and signal processing parameters (correlation window length and window shift) may be summarized as follows. First, a finite-element model corresponding to a known Corresponding axial shear strain elastograms estimated at centre frequency specified at the bottom of the elastograms. The beamwidth was 1 mm and bandwidth was 50% of the centre frequency. Each elastogram was processed using a window length of 5λ. The elastograms are an average over ten different realizations. No spatial filtering was used on the strain values. The corresponding known resolvable size of the inclusion is specified at the bottom of the elastograms, at any given frequency. size of the inclusion was generated. Second, the simulated RF data were generated for 180 realizations of random distributions of scatterers. Third, axial shear strain elastograms were generated by processing the RF data using a desired window length and window shift. In order to improve the SNR (defined as the mean to standard deviation ratio of the axial shear strain estimates) of the axial shear strain elastograms, ten independent realizations were averaged. Thus, we had 18 elastograms, each being an average of ten elastograms. Then, the axial shear strain profile along the 45
• orientation was extracted and the peak value was compared with the threshold. If the peak value was greater than the threshold, we concluded that this particular size of the inclusion was resolvable for the given set of ultrasonic system and signal processing parameters. Thereafter, we considered a smaller inclusion size and repeated the entire procedure to determine if this smaller size was resolvable. We stopped the process when we found an inclusion size that is no longer resolvable. We then repeated the procedure for a different set of ultrasound system and signal processing parameters.
Results
The results of this study are summarized in two categories. In the first category, we show the effect of ultrasound system parameters such as bandwidth, beamwidth and pitch on the resolution. In the second category, we show the effect of the signal processing parameters such as correlation window length and window shift on the resolution.
Effect of ultrasound system parameters
Figures 4 and 5 show the effect of bandwidth on the resolution of axial shear strain elastography. Figure 4 (a) shows a set of axial shear strain images computed from the finite-element model, while figure 4(b) shows the corresponding axial shear strain elastograms. The elastograms were obtained at different centre frequencies of the transducer as specified at the bottom of the elastograms. Since the fractional bandwidth was set at a 50% centre frequency, the absolute bandwidth changed accordingly to the centre frequency. For each frequency, the corresponding Figure 5 . Estimated elastographic resolution (mm) as a function of the bandwidth (MHz). The data were processed using a cross-correlation window length W = 5λ and W = 0.2 W. The window lengths (in mm) corresponding to the bandwidth used are 2.5 mm, 1.5 mm, 0.75 mm and 0.25 mm. Observe that the resolution value does not decrease below the beamwidth even as the window length is decreased (since window length was scaled inversely to bandwidth, increase in bandwidth corresponds to decrease in window lengths). This suggests that the resolution is limited by the larger of the two.
elastogram refers to the mechanical model with the smallest size of the inclusion that was resolvable at that frequency (for each case, the inclusion size is reported below the frequency value). For each centre frequency, the elastogram was obtained by processing the RF data with a correlation window length that was scaled to the wavelength. A value of 5λ was chosen for the window length in accordance with the observation from previous studies for the spatial resolution in axial strain elastography (Righetti et al 2002 . In all these cases, the window shift was maintained at 20% of the window length and the beamwidth was 1 mm. Figure 5 shows the values of axial shear strain elastographic spatial resolution along the 45
• direction as a function of transducer bandwidth, as measured from the axial shear strain elastograms, at two different values of beamwidth. Since the fractional bandwidth was set at 50% of the centre frequency, the absolute bandwidth increases with increase in centre frequency. The mean value is average over 18 elastograms and the error bars represent the standard deviation over these elastograms. Consider the resolution at a beamwidth of 1 mm. Initially, for B = 1.5 MHz and 2.5 MHz, the window length (5λ) is greater than the beamwidth and the resolution value decreases with increase in bandwidth. This suggests that the higher the bandwidth, the better is the resolution. However, the resolution does not improve with bandwidth indefinitely. Because the window length is a fixed number of wavelengths, as the bandwidth increases the window length decreases. When the window length becomes smaller than the beamwidth, the resolution does not improve further but remains above the beamwidth value. The difference between the mean values of the resolution at 5 MHz and 15 MHz was not statistically significant (p < 0.01 at a 95% confidence level). Similar behaviour was also found with a beamwidth of 1.5 mm, i.e., initially when the window length is greater than the beamwidth the resolution improves with bandwidth, but for window lengths smaller than the beamwidth the resolution does not improve further and remains above the beamwidth value. This demonstrates that the resolution is limited by the beamwidth when it is larger than the window length. Note that in figure 5 the value of resolution does not go any lower than the beamwidth for both the curves. This corroborates our hypothesis that the spatial resolution is limited by the larger of the two parameters, beamwidth and window length. (This figure is in colour only in the electronic version) Figure 6 shows the values of the axial shear elastographic spatial resolution along the 45
• direction as a function of beamwidth, as measured from the elastograms, at window lengths of 3λ and 5λ. The mean value is an average over 18 elastograms and the error bars represent the standard deviation. For both sets of measurements, a linear trend was observed. A line was fitted to the data set for each window length. The constants of proportionality between the sets of measurements and the fitted lines were found to be approximately 1.04 (for a window length of 3λ) and 0.85 (for a window length of 5λ). However, it should be noted that the value of resolution at small beamwidth (0.5 mm) is limited by larger window length. The difference between the mean resolutions obtained at window lengths of 3λ and 5λ was found to be statistically significant (p < 0.01 at a 95% confidence level). However, as the beamwidth increases and exceeds the window length, the resolution values obtained for the two window lengths were not significantly different (at a 95% confidence level). This corroborates our hypothesis that the spatial resolution is limited by the larger of the two, beamwidth and window length. Figure 7 shows the effect of pitch on the spatial resolution. To obtain this plot, we simulated a 5 MHz centre frequency transducer with a constant beamwidth of 1 mm. Each data point is an average over 18 realizations and the error bar represents one standard deviation. The data points show a significant linear trend. The r 2 value between the fitted line and the measured data points was found to be approximately 0.97 with p-value <0.01, thus suggesting a linear relationship. This can be reasoned based on the way axial shear strain is estimated. The axial shear strain is computed as the difference between axial displacements in adjacent A-lines. Thus, the pitch is part of the calculation and therefore is expected to influence the resolution.
Effect of signal processing parameters
The result of the effect of the correlation window length (W ) on resolution is shown in figure 8 . As before, a 5 MHz centre frequency transducer was simulated. The window shift was maintained at 20% of the window length. Observe that, in general, as the window length increases, the resolution tends to deteriorate. While the resolution improves with decreasing window lengths, it does not improve after a certain value is reached. Statistical analysis using the t-test was performed to test the hypothesis of equality of the mean values of resolution at window lengths of 1.6λ and 5λ. The hypothesis was accepted at 95% confidence, while the hypothesis test for equality of means at window lengths of 5λ and 10λ was rejected at 95% confidence.
The result of the effect of the axial shift ( W ) on resolution is shown in figure 9 . The window length in this case was chosen to be 1 mm. It can be seen from the figure that there appears to be a slight deterioration of resolution with the shift, although the resolutions at axial shifts of 0.2 mm and 0.9 mm were found not to be significantly different. The lack of dependence can be reasoned based on the way axial shear strain is estimated. The axial shear strain is computed as the difference between axial displacements in adjacent A-lines. Thus, the axial shift does not enter the calculation (whereas pitch does) and therefore is not expected to influence the resolution. The slight increase in the mean of measurements can be reasoned based on the way the axial shear strain profile at the 45
• orientation is computed. As mentioned earlier (in the study of effect of pitch), the strain profile is computed along the diagonal of the pixel. The computation of diagonal involves the axial dimension of the pixel as well and therefore the effect due to the axial shift.
Discussion
Prior studies have concentrated on investigating the resolution of the axial strain elastography, through simulations and theory (Righetti et al 2002 , Alam et al 2000 . These studies used axial strain elastograms to study resolution in the axial and lateral directions. As in sonography, the upper bound on the resolution of axial strain elastography was shown to be fundamentally limited by the ultrasonic parameters such as bandwidth and beamwidth. Further, the practically achievable resolution was shown to be limited by the choice of signal processing parameters and may trade-off with other image quality parameters such as SNR .
In this study, we investigated the resolution of axial shear strain elastography. The effect of ultrasonic and signal processing parameters on the resolution was analysed. Axial shear strain was obtained from the same axial displacement that was used to obtain axial strain. The important difference was that, unlike the previous studies of resolution in axial strain elastography, we considered the resolution of axial shear strain elastography in a direction that is neither along the direction of beam propagation nor transverse to it. Thus, we hypothesized in this paper that the resolution in a non-normal direction would be a function of the ultrasonic parameters-beamwidth, bandwidth and pitch. In addition, we also hypothesized that the spatial resolution would be limited by the worst of the ultrasonic parameters, beamwidth or window length (scaled inversely to bandwidth).
In the case of axial strain elastography, the target region was an inclusion of different stiffness (both in the single-inclusion model and in the two-inclusion model). A known amount of axial strain was applied directly to create an axial strain contrast between the target and the background. This resulted in the transition of strain values from the background to the target in all directions. However, in the case of axial shear strain elastography the target was not the inclusion, but rather it was a region in the background close to the inclusion/background interface. We do not apply axial shear strain directly, but when axial compression is applied, the bonding at the interface along with its orientation to the axis of compression subjects a region near the interface to axial shear strain. Thus, the transition of axial shear strain values from the target to the background occurs only in a direction that is non-normal to the axis of beam propagation. Therefore, we restricted our study of resolution to a representative special case of 45
• . Measurements shown in this paper were obtained using a particular mechanical model and a particular definition for the resolution. In general, the absolute values of the measured elastographic resolution may change if we adopt a different model. However, the general functional form of the resolution should be independent of the model and the target, as shown for other imaging modalities (Hunt et al 1981 , Wells 1977 .
The results on the resolution obtained in this paper were measured from average elastograms that were computed from ten elastograms. This was done to improve the SNR of the elastograms so that precise and accurate estimates could be obtained without any spatial filtering. Further, the effects of attenuation are not incorporated in the model. It must be noted that attenuation reduces the SNR, which affects the ability to measure the resolution. Thus, in an effort to study the resolution without ambiguity in its measurement, the attenuation effect was neglected. The results suggest that the achievable resolution at 45
• is linearly dependent on the pitch. This is reasonable to expect because the axial shear strain estimation involves the gradient of axial displacements along the lateral direction and thus the effect of pitch is important. However, the resolution was not significantly dependent on the window shift. This is because the computation of axial shear strain involves the pitch and not the shift (see the first term in equation (1)).
Although the resolution was studied in a non-normal direction to beam propagation, it is interesting to perform the following thought experiment. Consider a single inclusion model that has a strain (axial or axial shear) contrast between the background and the inclusion along the normal directions. If resolution is to be measured in the direction of beam propagation, the diameter of the estimated inclusion will be determined by the window length (scaled inversely to bandwidth). On the other hand, if resolution is to be measured in the lateral direction, the diameter of the estimated inclusion will be determined by the beamwidth. Thus, the resolution can be thought to be limited by the window length in the axial direction and beamwidth in the lateral direction. In fact, the results on resolution of axial strain elastography have been shown to behave in this fashion (Righetti et al 2002 . In continuing with the above thought experiment, if resolution is to be measured along a direction 45
• to the axis of beam propagation, the diameter of the inclusion will be seen by the diagonal of a rectangle whose dimension is window length × beamwidth. This suggests that if one dimension is smaller than the other, the length of the diagonal is limited by the larger of the two dimensions. This is what was found in the current study (figures 5 and 6). Since the window length was scaled inversely to the bandwidth, as the bandwidth increases the window length decreases and the resolution values start to decrease until a value close to that of the beamwidth is reached. Afterwards, any further decrease in window length is not accompanied by a further decrease in the resolution value (see figure 5) . Similarly, as the beamwidth decreases, the resolution values start to decrease until a value close to window length is reached. Afterwards, any further decrease in beamwidth is not accompanied by a decrease in the resolution value (see figure 6 ). Therefore, in the axial and lateral directions, we can expect the resolution limits of the axial shear strain elastography to be very similar to those of axial strain elastography.
Conclusions
We have shown that the resolution in a direction oriented 45
• to the axis of beam propagation of axial shear strain elastography is limited by the larger of the beamwidth and the window length. This was the case when the window lengths were scaled inversely to the bandwidth.
We have also shown that for given values of beamwidth, pitch and bandwidth, the achievable resolution is limited by the window length used. The axial window shift was found to have a weak influence on the results.
